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a b s t r a c t
Different from birds and insects, bats have complex wing-deformation capacity to generate high aerody-
namic forces. In flight, the actively morphing of bat wing includes the twisting from wing root to wing
tip, the cambering along the chordwise direction, the bending along the spanwise direction and the wing
area-changing caused by the stretch and retraction of the wingspan. It was found that the high thrust and
lift required in bat flight are dependent on the wing twisting and cambering respectively. Moreover, the
integrated wing-morphing generates the aerodynamic lift and thrust mainly during the downstroke and
almost negligible forces during the upstroke. The wing area-changing and bending can be used to amplify
the positive forces in the downstroke duration and reduce the negative forces in the upstroke duration.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).cIn order to fly forwards, a flying animal must flap its wings to
generate lift and thrust to balance the weight and drag, respec-
tively. However, bats, especially moderate and small bats, have
different flight features from birds and insects. For example, if a
mature pigeon (body length is about 25 cm) flies at a speed of 15
m/s, the chord-based Reynolds number is greater than 105 and the
required lift coefficient (CL) is about 0.47 which is easy to be ob-
tained by wings with a low angle of attack (AOA). The thrust is
generated by the flapping wings with a frequency of 1–2 Hz. The
quasi-steady aerodynamics has been successfully used to study the
bird flight in the latter part of the last century [1]. When we con-
sider the insect flight, the flapping flightmode changes a lot. A fruit
fly beats its wings with a very high frequency (about 100 Hz) and a
high AOA (about 30°–40°) to generate enough lift and thrust in its
hovering or forward flight (<1 m/s). The strongly unsteady flow
is the main feature to overcome the viscous effects which restrict
the high lift and thrust generation in the traditional conditions as
the flight Reynolds number is as low as 100 [2,3], and the wings’
pronation and supination (wing pitching at the ends of upstroke
and downstroke) in the strokeplane are very important to produce
high forces [4]. Whether birds or insects, the deformation of their
wings can be ignored when we investigate the main mechanisms
of high aerodynamic forces generation. In contrast, for bats, the
actively wing-deforming plays an important role, although large-
scaled bats can glide and fly like birds. For a moderate bat flight
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teristic speed is about 3–5m/s, and the flapping frequency is about
10 Hz. The Reynolds number is in the range of 104–105. The values
of these parameters locate in between those of birds and insects,
and the required lift coefficient is as high as 2.6 according to the
experimental data [5]. Therefore, in bat flight, besides the flapping
mechanisms, newmechanisms due to the specialwing-body struc-
ture attract more and more researchers to study.
A bat wing which consists of flexible muscularized membrane
and upper limbs attaches all the lateral border of the body, from
the neck to the ankle [6]. This arrangement limits the bat-wing
pronation and supination which have been widely investigated in
insect flapping flight. The AOA at the root, equal to the body tilt
angle, changes slightly during the wing stroke, and it is estimated
around 7° based on the experimental data [5,7]. A fixed wing with
an aspect ratio 3 (the characteristic aspect ratio of a bat wing) at
this AOA can only generate a small lift (CL ≈ 0.62) and a drag
(CD ≈ 0.12)which can not support the batweight in forward flight.
If a rigid wing flaps like a bird, the averaged lift and drag in a cycle
increase simultaneously. When the flapping amplitude is close to
40° (the stroke amplitude is about 80°), the lift and drag are about
0.80 and 0.19 respectively [8]. Therefore, it has been suggested that
the actively wing-morphing is a significant way to generate the
high lift and thrust required in bat forward flight.
In fact, the large active wing-deformation has been observed
widely and measured in the studies of bat flight. The Swartz
group [9] did a systematical research in bat flight. They revealed
that, thewingmotion is quite complexwhen a bat flies at relatively
slow speeds. They also quantified the complexity of bat wing kine-
matics [10]. Busse et al. [5] gave details of the three dimensional
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Fig. 1. (a) Wing-twisting sketch, (b) wing-cambering sketch, (c) wing-bending sketch, (d) wing area-changing sketch, and (e) the flapping configuration of the integrated
wing-morphing (right wing), where the incoming flow is along the x direction.wingbeat kinematics including wing movement, frequency, stroke
plane angles, angles of attack, wing camber in the section of the
fifth digit, etc. However, the aerodynamic mechanisms of the bat
wing morphing have not been clearly explained. Norberg [11] had
a preliminary study on the aerodynamic forces in slow horizon-
tal flight (2.35 m/s) for a long-eared bat based on the steady-state
aerodynamic and momentum theories, but Hedenström et al. [12]
pointed out that the unsteady effects cannot be ignored. The aero-
dynamic effects of the wing-deforming have not been considered
until Wang et al. [13] and Guan and Yu [8,14] built the morphing
models in bat flight.
As is well-known, during the whole stroke, the bat upper limb
with the wing muscles makes the flexion and extension of the el-
bow, the abduction and adduction of the wrist. These actions lead
to the wing deformation along the spanwise and chordwise direc-
tions [6]. First, the AOA at the wing tip is varying with time and
its time-averaged value is not equal to that of the root AOA men-
tioned above. The variation of the AOA distribution from the wing
root to the wing tip is called ‘‘twisting’’ (sketched in Fig. 1(a)). Sec-
ond, the variation of wing camber along the chordwise direction is
controlled by the bending digits who stretch the flexiblemuscular-
ized membranes, and we call it ‘‘cambering’’ (Fig. 1(b)). Third, it is
found that a bat bends its wings along the spanwise directionmore
during the upstroke than the downstroke. This wing deformation
with time is called ‘‘bending’’ (Fig. 1(c)). Last, it is found simultane-
ously that the area of the bat wing is changing rhythmically with
the flapping. The area increases (or decreases) when the wingspan
is stretched (or retracted) by the upper limb, and it is obvious that
the wingspan is larger during the downstroke than the upstroke.
This process is called wing ‘‘area-changing’’ (Fig. 1(d)).
How to model the actively deforming bat-wing? In our stud-
ies [8,14], the four morphing models were proposed with math-
ematic expressions and all of the related parameters were
determined according to the experimental data [5]. The flapping
motionwith respect to the angularmovement is almost sinusoidal.
The twisting deformation is defined as the linearly distributed AOA
from the wing root to the tip, and the AOA of the wing tip fol-
lows a simple harmonicmotion. The cambering deformation of the
wing along the chordwise direction is regarded as an arc with its
arch rise changing periodically. Similarly, the bending deformation
along the spanwise direction is modeled by the arc-shaped sur-
face. And the area-changing deformation depends on thewingspan
(arc length) stretching sinusoidally, while the change of the chord
length is ignored.A morphing plate of aspect ratio 3 is used to model a bat wing
and a three dimensional unsteady panel method has been devel-
oped to predict the aerodynamic forces generated by the flap-
ping model-wing with the leading edge separation. The integrated
wing-morphing during a flapping cycle is shown in Fig. 1(e) where
the twist, camber and wingspan in the downstroke duration (0 <
t/T ≤ 0.5) are significantly different from those in the upstroke
duration (0.5 < t/T ≤ 1.0). Furthermore, the forces generated by
the integratedmorphingmodel-wing (including twisting, bending,
cambering, and area-changing) are shown in Fig. 2. It is found that
the lift and the thrust aremainly generated during the downstroke
and they are very small during the upstroke. The mean lift is 3.09
and themean thrust is 0.32. Obviously, themorphingwing can pro-
duce a large enough lift to balance the bat weight (the required lift
is 2.6) and a sufficient thrust to propel bat flight forward against
the drag.
Now, what canwe learn from bat? In order to answer this ques-
tion, we compared the aerodynamic forces generated by the el-
ementary morphing models with the rigid flapping wing model
one by one. (1) The twisting wing can not only enhance the time-
averaged lift but also decrease its fluctuation during the whole
stroke. Especially, it can generate the thrust which is required
in the forward flight during both the downstroke and the up-
stroke [8]. (2) The cambering wing can greatly increase the lift but
change the mean drag little. The bigger the basic camber is, the
higher the lift curve is elevated in the whole cycle. It is interesting
that the camberingwing can also generate the thrust during down-
stroke though the drag is presented during upstroke [14]. (3) The
wing-bending along the spanwise direction can also enhance the
mean lift but a small increase of the drag. It mainly reduces themi-
nus lift and the drag in the upstroke duration, relative to the rigid
wing-flapping [14]. (4) Thewing area-changing shows the same ef-
fects as the wing-bending, but in the downstroke duration the lift
is increased a lot [14].
Furthermore, the force generationmechanisms of each elemen-
tary morphingmodel have been discussed comprehensively in our
studies [8,14]. (1) It has been proved that the twistingmotion in bat
flight has the same function as the pronation and supination in in-
sect flight which has been investigated widely in the last decades.
The twistingmotion canmodulate the vortex shedding by increas-
ing the amplitude of the trailing-edge, so that the high thrust is
generated and at the same time the lift is also enhanced. (2) The
cambered wing has the asymmetric effects which result in the
high lift generation, since the effective AOA is increased during the
downstroke and decreased during the upstroke. (3) The aerody-
namic mechanism of the wing bending and area-changing is an
Y. Yu, Z. Guan / Theoretical and Applied Mechanics Letters 5 (2015) 13–15 15Fig. 2. The lift and drag generated by the integrated morphing wing during a whole stroke, where the time-averaged lift (C L) is 3.09 and the thrust (−CD) is 0.32.amplifier effect. As mentioned above, during the downstroke, the
high lift is generated by the cambering wing and the high thrust is
generated by the twisting, so the larger the wing area is, the larger
forces required in flight are obtained. During the upstroke, the
smaller the wing area is, the smaller the negative lift and the drag
are. The area-changing model realizes the regulation directly, and
the bendingmodel regulates the projected wing-area andmakes it
smaller during upstroke than downstroke. Additionally, the added
mass effects and vortex effects were analyzed. It was found that
the addedmass effects have no contribution to themean forces for
amorphingwing in a flapping cycle. Thatmeans the vortex control
is a key factor to generate the high aerodynamic forces.
In short, we have learned preliminarily the aerodynamics of
actively deformingwing in bat forward flight: the higher thrust and
lift are dependent on the appropriate increment of the amplitude of
the wing-twisting and wing-cambering, respectively, and they can
be enhanced synchronously by thewing area-changing or bending.
Furthermore, there are some further issues to be studied step by
step, such as the vortex control mechanisms, the optimization
of the combined deformation, and even the passive deformation
effects. So we will learn a lot from bats.
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